Cardiac output (CO) is dependent on a number of factors, in particular, the systolic function of the heart. Tissue Doppler (TD) is a modality in echocardiography that measures myocardial velocity and is related to contractility. TD can therefore be used to measure the systolic function of the heart. This study sought to establish whether the systolic component of TD can be used to estimate CO in critically ill patients.
Cardiac output (CO) is an important determinant of tissue perfusion in the critically ill and plays an important role in guiding treatment. Measurement of CO traditionally involves invasive procedures such as the pulmonary artery catheter and pulseinduced contour CO thermodilution methods. Noninvasive CO determination using transthoracic echocardiography is a reliable method, but is skill-demanding. CO by echocardiography can be measured in two ways: 1) by Simpson's method and 2) by Doppler. In the former, the end-systolic and end-diastolic volumes are first estimated by delineating the endocardial borders in two projections. The stroke volume (SV) is calculated by the difference between the end-systolic and end-diastolic volumes. CO is finally obtained by multiplying the SV by heart rate (HR). The Doppler method calculates SV from the cross-sectional area (CSA) of the left ventricular outflow tract (LVOT) and the velocity time integral (VTI) in the LVOT; SV = LVOT CSA × VTI. CO is again calculated as SV × HR. Reliable results depend on optimal ultrasound windows and operator experience. For example, a 10% error in measuring the LVOT diameter results in a 20% error in calculating CO 1 . Further, a small Doppler angle error may result in underestimation of the VTI, hence CO.
Myocardial peak systolic velocity measured by tissue Doppler imaging at the mitral annulus reflects left ventricular (LV) contractility, is less dependent on image quality and is easy to obtain. It has been used as a surrogate of LV systolic function 2 and has been shown to correlate with LV global dP/dt and left ventricular ejection fraction (LVEF) [3] [4] [5] [6] . The association between mean tissue Doppler peak systolic velocity (Sm) and CO however, is not as well established. Defining a relationship between Sm and CO would potentially allow the clinician to estimate CO rapidly and non-invasively with minimal measurement errors. This study examined the association between Sm and CO in non-critically ill patients with normal cardiac function as well as critically ill patients with sepsis and heart failure, respectively.
METHOD

Patients
Data was examined from a total of 80 studies conducted at the Nepean Hospital intensive care unit echocardiography laboratory over a six month period. we excluded all patients with significant valvular disease. The patients were divided into three groups: normal, septic or heart failure. Thirty consecutive outpatients with normal cardiac function who were not septic were included in the normal group, with one being excluded due to insufficient data. Thirty-seven consecutive patients admitted to Nepean intensive care unit for sepsis were included in the septic group, with eight excluded for not being in sinus rhythm and one being excluded for poor image quality. Sepsis treatment included vasopressors and mechanical ventilation in most cases. Twenty-four consecutive patients admitted to Nepean intensive care unit with documented heart failure were included in the heart failure (HF) group, with one being excluded due to poor image quality. All HF patients had either a history of congestive heart failure or ischaemic heart disease, presented with LVEF <40%, and were treated with vasoactive/inotropic drugs or positive pressure ventilation for HF. No patient had isolated right ventricular failure or diastolic heart failure with normal LVEF.
Demographic details for each group are shown in Table 1 .
Echocardiography
All transthoracic echocardiography was performed by qualified sonographers using ultrasound systems equipped with tissue Doppler option (Vivid-I or Vivid-7, GE Medical, Norway). CO was obtained using the Doppler method and was calculated from SV × HR, where SV is the product of LVOT CSA and LVOT VTI. LVOT diameter, obtained from the parasternal long axis view, was used to calculate LVOT CSA. LVOT VTI, which represents the summation of velocities per heart beat, was obtained in the apical five chamber view using pulsed-wave Doppler placed in the LVOT. Tissue Doppler imaging-derived Sm measures were obtained by placing the sample gate at the level of mitral annulus of the inter-ventricular septum (SmM) and lateral wall (SmL) in the apical four chamber view. SmM and SmL were averaged for each study as recommended by Rivas-Gotz et al 7 .
Statistics
An average of two or more cardiac cycles was used in all measurements. Statistical calculations and comparisons were performed using the average values. All data was analysed using NCSS 2007 (NCSS, LLC, kaysville, UT, USA) statistical software and plotted using SigmaPlot 10.0 (Systat Software, Inc, San Jose, CA, USA). Group comparisons were performed using Student's t-test. Multiple group comparisons were performed using one-way analysis of variance and, if statistically significant, followed by post-hoc pairwise comparison using Student's t-test after Bonferroni adjustment for multiple tests. Correlations were tested by linear regression and significance test was carried out using Pearson's correlation. Level of significance was taken as P ≤0.05.
RESULTS
Study population
The mean Sm and CO for the three groups are depicted in Figure 1 and Table 1 . The Sm of the HF group (6.1±1.8 cm/second) was significantly lower (P <0.001) than the normal (9.2±2.0 cm/second) and septic groups (8.9±3.0 cm/second). The normal and septic groups did not differ from each other statistically. Analysis of CO in each of the three groups showed a significant difference between the heart failure group (4.3±1.4 l/minute) and the septic group (5.8±2.3 l/minute), (P=0.023).
Sm vs CO
The correlation in the HF patients was significant (r=0.48; P=0.021) (Figure 2b ). Neither the normal group (r=0.36; P=0.054) nor the septic group demonstrated a significant correlation (r=0.34; P=0.078) (Figures 2a and 2c ). On the other hand, the combined data did reveal a significant but weak correlation with r=0.43 and P <0.001 ( Figure  2d ). Sm vs SV when analysed separately, there was only a significant relationship between Sm and SV for the HF group with r=0.47 and P=0.025 (Figures 3a to  3c) . with all groups combined a significant but weak correlation was found (r=0.42, P <0.001) (Figure 3d ).
Sm vs HR
Increasing HR was associated with increasing Sm in the normal groups (r=0.44, P=0.018) (Figure 4a) . A similar but insignificant trend was noted in the septic group (r=0.33, P=0.09) (Figure 4c ). There was no apparent relationship between HR and Sm in the HF group (r=0.13, P=0.549) (Figure 4b ). when combined, the significant association seen in the normal group was lost (r <0.001, P=0.993) ( Figure  4d ).
DISCUSSION
The results of the present study showed that LV myocardial contractility as measured by Sm had weak but significant correlations with CO and SV when all three patient groups were combined. As both CO and Sm were reduced in HF patients the correlation was more robust. Only patients in the normal group displayed significant but weak correlation between Sm and HR. As expected septic patients had significantly higher CO then HF patients but no correlation was found with Sm.
Sm, which measures the myocardial peak systolic velocity at the level of mitral annulus, has been shown to correlate strongly with the LV dP/dt, a measure of global LV contractility 3, 4 . According to pressurevolume loop analysis, an increase in contractility (end-systolic LV elastance) results in an increase in SV, hence CO. Our data confirm a weak to moderate correlation between Sm and CO. The lack of a strong correlation, in particular in the septic group, may be due to a number of confounding factors. Sm is known to be a load-sensitive variable with relationship to LV systolic pressure 3 . Almuntaser et al found that reducing blood pressure in hypertensive patients significantly increased Sm over three months 8 . Huez et al found that dobutamine administration significantly increased CO and Sm, most probably due to dobutamine's inotropic and vasodilatory properties 9 . Thus low vascular resistance in sepsis would reduce the work of emptying the left ventricle and hence potentially increase Sm.
On the other hand, sepsis-induced cardiomyopathy may lead to reduced Sm and the contribution of both is likely variable.
Since CO is a function of SV and HR, we sought to find if the observed correlation between Sm and CO was due to SV or HR. Duzenli et al demonstrated that the mean Sm correlated with LVEF in HF patients but not in a normal population 10 . Van Melle et al found that a decrease in Sm can be used to define a LVEF <40% post myocardial infarction 11 . In the present study, only the HF group demonstrated significant correlation between Sm and SV. The lack of correlation in the normal group was somewhat surprising but in line with the findings of Duzenli. The reason for this is unclear but indicates that the SV in HF patients is more dependent on LV contractility (the 'limiting' factor), whereas the SV in normal and septic subjects is likely to be dependent on other factors such as HR, preload, afterload, increased LV wall thickness and the use of vasoactive medication. Despite an overall lack of statistically significant correlation between Sm and CO, the normal group showed a significant but weak correlation between Sm and HR. The effect of HR on Sm is difficult to demonstrate mainly because most chronotropic agents or manoeuvres are also inotropic. It would appear that in order to support a higher HR the normal myocardium must increase the speed at which it contracts. At higher HRs the Treppe effect leads to increased force of contraction due to the inability to expel the excessive intracellular Ca 2+ influx by the Na + -Ca 2+ exchanger during the shortened diastolic phase. The correlation between HR and Sm in normal subjects was noted by Quintana et al 12 . They found that Sm increased with HR during exercise. However, they could not exclude the inotropic effect during exercise which might exert an overwhelming effect on Sm. Burns et al, on the other hand, by pacing the HR at two different levels (~67 and ~80 bpm) found that HR had no discernible effect on Sm 13 . In this study, we observed a mild correlation between Sm and HR in the normal (significant) and septic (non significant) groups but not in the HF group. The narrow range of HR in the normal group made the interpretation difficult. However, pooled results clearly indicated that Sm was not correlated to HR.
Limitations
All echocardiography was performed by a small group of qualified sonographers; however, interobserver variation cannot not be completely ruled out. Patient habitus and position during the study might also contribute to the variability observed. Doppler angle error can contribute to measurement errors of both LVOT VTI and Sm resulting in underestimation of measurements. Finally, as the HF group did demonstrate a statistically significant correlation between Sm and CO it is plausible that the lack of significant correlation in the normal and septic groups could be genuinely physiological or that our sample size was too small to detect it.
CONCLUSION
This study confirms a weak correlation of Sm and CO, mainly in intensive care patients with compromised LV systolic function. However, the relationship is not strong enough to reliably estimate CO from Sm in individual patients. Further studies with a larger sample size and controlling for other confounding factors such as vasoactive and inotropic drug use, mechanical ventilation and systemic vascular resistance may be useful.
